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Upon nutrient deprivation, cells metabolize fatty acids (FAs) in mitochondria to supply energy, but how FAs,
stored as triacylglycerols in lipid droplets, reach mitochondria has been mysterious. Rambold et al. (2015)
now show that FA mobilization depends on triacylglycerol lipolysis, whereas autophagy feeds the lipid
droplet pool for continued fueling of mitochondria.Survival of an organism depends on its
capacity to adapt to changes in nutrient
availability. A highly successful strategy,
used by virtually all organisms from
microbes to humans, is storage of energy
as neutral lipid esters in cellular organelles
called lipid droplets (LDs). Fats stored in
LDs are then mobilized for use as an en-
ergy source when external nutrient sup-
plies dwindle (Finn and Dice, 2006). Acute
starvation leads to the breakdown of
neutral lipid esters into free fatty acids
(FAs) and transport of these FAs to
mitochondria, where they undergo beta-
oxidation to produce ATP, the cell’s en-
ergy currency (Eaton, 2002). In this issue
of Developmental Cell, Rambold, Cohen,
and Lippincott-Schwartz provide new
insight into how FAs are trafficked tomito-
chondria upon starvation (Rambold et al.,
2015).
Understanding communication be-
tween organelles in eukaryotic cells has
been greatly aided by development of
fluorescent probes whose itineraries in
cells can be followed spatially and tempo-
rally under various conditions. The Lippin-
cott-Schwartz laboratory has made major
contributions in this area. Here, they
have used a fluorescently labeled FA,
BODIPY558/568 C12 (RedC12), in a
pulse-chase assay in order to track the
flow of FAs from LDs upon starvation. In-
cubation of cells with this FA probe prior
to nutrient depletion leads to its accumu-
lation in LDs. Upon prolonged starvation
(24 hr), Rambold et al. found that
RedC12 no longer marked LDs, but
instead almost completely co-localized
with mitochondria. They then used this
assay to explore the mechanisms
involved in the journey of FAs to mito-
chondria under starvation conditions.
Triacylglycerols stored in LDs can be
broken down into free FAs through twodifferent processes: either by a cascade
of LD-associated lipases (Zechner et al.,
2012) or by lipophagy, the autophagoso-
mal engulfment of LDs and their subse-
quent degradation (Singh et al., 2009).
When cells are acutely starved by
removal of serum, glucose, and amino
acids, both lipolysis and autophagy are
induced. Lipolysis occurs on the lipid
droplet surface and is initiated by adipose
triacylglycerol lipase (ATGL), which re-
moves the first FA from triacylglycerol
(Zechner et al., 2012). ATGL is specifically
highly expressed in professional fat
storage cells, such as adipocytes, but is
also present in other cell types (Zechner
et al., 2012). Lipophagy, like other types
of autophagosomal degradation, de-
pends on autophagy proteins (Singh
et al., 2009).
Following the fate of RedC12 in cells in
which autophagy or lipolysis were specif-
ically inhibited by protein depletion or
drugs, Rambold et al. found that auto-
phagy was not required for LD-mitochon-
drial movement of FAs, as long as LDs
were plentiful. Knockdown of ATGL or
treatment with a lipolysis inhibitor, on the
other hand, abolished transfer of FAs to
mitochondria upon starvation, indicating
that LD lipolysis is the crucial step in FA
release. Autophagy becomes important
only several hours after starvation begins,
when it is required to maintain triacylgly-
cerol levels in LDs. Hence, the cell uses
autophagy to break down organelles and
provide a supply of FAs that is then traf-
ficked to LDs, fromwhere transfer tomito-
chondria occurs (Figure 1).
How are free FAs, which are toxic to
cells, transferred from LDs to mitochon-
dria? Here, the authors provide evidence
that physical proximity between LDs and
mitochondria is important in FA transport.
They discovered that when mitochondrialDevelopmental Cell 3fusion was inhibited, leading to fragmen-
tation of the mitochondrial network, only
those mitochondria adjacent to an LD
became loaded with RedC12. This obser-
vation has important implications. An
emerging concept is the involvement of
close organelle contact in lipid trafficking,
and we are just beginning to elucidate the
molecular mechanisms involved (Holthuis
and Menon, 2014). Many organelle con-
tact sites involve the ER—which forms
junctions with the PM, Golgi, endosomes,
mitochondria, and lipid droplets—and
are sites where transfer of lipids and
small molecules such as Ca2+ occur pref-
erentially (Holthuis andMenon, 2014). The
function of organelle contact sites in both
signaling pathways and membrane traf-
ficking is a burgeoning area. For example,
it has been shown that ER-mitochondrial
contact sites are required for early steps
of starvation-induced autophagosome
formation (Hailey et al., 2010; Hamasaki
et al., 2013). A well-studied function of
organelle contact sites is transfer of ste-
rols and phospholipids between the
closely apposed membranes (Holthuis
and Menon, 2014), and the work of Ram-
bold et al. now suggests that this reper-
toire may be expanded to include transfer
of FAs.
Another important implication of mito-
chondrial morphology on FA transfer is
that it provides a mechanism for regula-
tion of FA flux. Rambold et al. provide
evidence that a continuous mitochondrial
network is required for efficient beta-
oxidation of FAs. When mitochondrial
fusion is blocked, triacylglycerols accu-
mulate in LDs and free FAs are trans-
ported out of the cell. Mitochondrial
fission-fusion dynamics might therefore
be a target of regulation for FA trafficking
from one cell to another under specific
physiological conditions.2, March 23, 2015 ª2015 Elsevier Inc. 657
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Figure 1. Autophagosome-Lipid Droplet-Mitochondrial Pathway of
FA Flux in Starved Cells
When cells are subjected to complete nutrient depletion, lipolysis of triacylgly-
cerol (TAG) is initiated by the lipid droplet-associated triacylglycerol lipase
ATGL, and lipid droplets come into close proximity tomitochondria for efficient
transfer of FAs. The autophagy of cellular organelles, also induced upon star-
vation, produces FAs that are packaged into triacylglycerols in lipid droplets.
Mitochondrial morphology affects the efficiency of FA beta-oxidation, with a
continuous tubular network promoting FA distribution and ATP production.
What might mediate the close proximity of lipid droplets and mitochondria
(such as tethering proteins) is unknown, indicated by ‘‘?’’. Because the ER is
involved in all of these processes, it will be interesting to explore its precise
role in this inter-organelle lipid flux.
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PreviewsThe studies here were
conducted primarily with a
single fibroblast cell line,
and now it will be interesting
to see whether these mecha-
nisms operate in other cell
types, in particular in the
specialized cells of oxida-
tive tissues. Cardiomyocytes,
skeletal muscle, hepatic
cells, and brown adipocytes
use mitochondrial beta-
oxidation of FAs to satisfy
their demanding energy
needs. Indeed, in these cells,
close apposition of LDs
and mitochondria has been
observed (Wang et al.,
2011). An exciting direction
for future research is to iden-
tify proteins that may be
involved in mediating contact
between LDs and mitochon-
dria, whether they are ubiqui-
tous or cell-type dependent,
and how they are regulated
under different physiological
conditions. Such studies are
sure to provide new insights
into the mechanisms underly-ing human pathologies such as cardio-
vascular disease, obesity, and cancer.
For example, ATGL has been shown to
play an important role in cancer cachexia,
the wasting of adipose and muscle tissue
that occurs through unbridled beta-
oxidation of FAs in mitochondria (Currie
et al., 2013).
The paper by Rambold, Cohen, and
Lippincott-Schwartz reads like the open-
ing episode in an exciting series with
numerous installments to come. The se-
ries features many currently popular stars658 Developmental Cell 32, March 23, 2015 ªof cell biology: mitochondria and their
fission/fusion dynamics, autophagy, lipid
droplets, and organelle contact sites, to
name only a few. The outline of this
pathway of lipid trafficking has been
drawn, but it must now be filled in with
the full cast of players, from the proteins
mediating LD-mitochondria contact to
the regulatory pathways coordinating
this inter-organelle lipid flow. Given the
functions of the ER in conversion of FAs
to LD-packaged triacylglycerols, in mito-
chondrial dynamics, and in transport of2015 Elsevier Inc.various lipids at ER-mito-
chondria and ER-LD contact
sites, this organelle will un-
doubtedly be featured in
future work. This study opens
up new research questions
that will benefit from re-
searchers in diverse fields
(metabolism, lipid trafficking,
organelle dynamics) working
together to address them.
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